In this study, the potential impacts of road topography on hydrologic responses at the watershed scale were simulated. The method considered used a geographic information system to identify road embankment locations and subsequently remove them from the baseline elevation data. Starting from both the 'with' and 'without' road elevation model, the surface and near-surface hydrological responses for 20 watersheds in Sweden were modeled in HEC-HMS under three different storm intensities. Flow duration curves (FDCs) were used to compare hydrologic responses for the different modeling scenarios under the various storm intensities. Specifically, L-moment ratios of the FDCs were calculated and their variation compared. Results showed an increase in peak flow amounts and reduction in time to peak with increased storm intensity. In addition, variations of the L-moment ratios were larger in larger watersheds. However, the impact of the roads on the modeled hydrologic responses was much smaller than anticipated and only identifiable through detailed examination of the L-moment statistical descriptors. Our findings not only highlight the potential impacts of road topography on watershed-scale hydrology (especially concerning high intensity storms) but also provide a methodology for detecting the even rather small changes that could manifest, for example, under coupled road network and climatic changes.
INTRODUCTION
Any alteration in the physical characteristics of a watershed, especially man-made changes, will influence the natural flow of water (Bergmann et al. ) . Among typical man-made disturbances to the environment, the development of road networks are among the most common (Jones et While these studies provide some insights into potential process and mechanism shifts associated with road networks, it is still difficult to generalize the impact of road network development on hydrological response (particularly under extreme conditions). Further, the extent or magnitude of impact can potentially vary from region to region.
Hydrological modeling has provided a valuable tool in this regard (Kalantari et al. a) . Although HEC-HMS has not been previously used for studying the hydrologic effects of roads, it has been widely used to assess the impact of morphological changes in various hydrology studies (Yusop et al. ; Beighley & He ) .
As such, it provides a suitable tool for exploration of the impacts associated with road network topography.
STUDY AREA AND DATA
The study area is located in the western part of Sweden just 
METHODS
The method for this case study consists of several steps: (1) watershed delineation in the study area (20 watersheds); (2) virtual ( This new DEM without roads was then used to re-delineate the 20 watersheds in the study region.
Exclusion of roads from the elevation resulted in changes in boundaries (area) of some watersheds where road topography had formed watershed divides. In addition to watershed area, several physical descriptors of the watersheds such as main flow path length, basin length, basin slope, drainage density (the ratio of total length of the streams to the area of a watershed), and road density were calculated from both the original and manipulated DEM (Table 1) . For completeness, the basis for this runoff generation method is to calculate accumulated precipitation excess (P e ) that occurs at time t taking into account accumulated rainfall depth (P), the initial loss (I a ¼ 0.2S) and potential maximum retention (S) (USACE b):
Hydrologic modeling of the watersheds

HEC-HMS (Davis
where the potential maximum retention is the product of a CN defined as a function of watershed characteristics (USACE b):
The gridded CNs was produced in HEC-GeoHMS according to the tables of values for different soil types and land uses (Appendix , Tables A1 and A2 , available with the online version of this paper).
The direct runoff model considered within the HEC-HMS model framework was the SCS unit hydrograph (UH) model (USACE b). In this model, direct runoff is implicitly the product of near-surface flow and overland flow (USACE b). Interception and surface storage, which are the result of local depressions in the landscape (e.g., soil cracks and storage), were taken into account by application of CNs. To estimate the SCS UH parameters for ungauged watersheds, the lag time, t lag is related to time of concentration, t c , as:
where time of concentration is a quasi-physically based parameter. Basin lag time based on the SCS method was estimated in two-step processes in HEC-GeoHMS before and after the removal of roads from topography: (1) calculate the slope of each basin based on the elevation data, and (2) estimation of basin lag time using the SCS CN for the watersheds (USACE a; USDA NEH- ). is the smallest observation and x 1 ð Þ is the largest and r is the order of moments. The first four L-moments for any distribution can be computed from the PWMs using:
Calculation of FDCs and statistical approach
Hosking () defines the L-moment ratios λ r analogous to the product moment ratios, for r ¼ 1, …, 4 as the first four L-moments being:
These L-moments ratio estimators offer a complete and rigorous method to compare FDCs. As such, we have computed them in this current study to compare between hydrologic response modeled in the 20 catchments with and without road networks.
RESULTS AND DISCUSSION
The effect of roads on hydrologic responses of watersheds due to alterations in topography was smaller than anticipated making it difficult to assess from the modeled hydrographs. Figure 3 ( Figure 4) . Deviations between the modeling scenarios become more obvious throughout the event considered.
In addition, there is clear impact on the modeled hydrologic network (Figure 3 ) which influences the routing of water. This impact is independent of the potential for modeler subjectivity (Kalantari et al. b ) encountered when implementing a hydrological model to a real-world condition. As such, it indicates the potential for robust scenario comparisons independent of the potential limitations due to lack of explicit model calibration and/or validation. Therefore, we explore drainage density as the main mechanism by which road topography is affecting the hydrologic response of these model watersheds throughout the following sections. roads. Across nearly all watersheds, there was a decrease in the drainage density after the removal of the roads.
Only one watershed (Nr 17) had an increased drainage density after the removal of the road topography. This was an increase of 2.9% and may be related to morphology of the watershed in combination with the road network configuration. Some of the watersheds (e.g., Nr 04, 05, 09, and 12) had considerable decreases in drainage density after roads were eliminated from the topography. This large decrease might be related to the relatively high road densities and/or areal coverage in the watersheds (Table 1 ). FDCs when the watersheds were defined with roads was generally higher than when the watersheds were defined without roads. This is due to the effect of road topography shortening the flow paths within the landscape.
L-kurtosis of the FDCs (Figure 7) indicates the peakedness of the simulated outflow from the watersheds. Larger It is interesting to note that the effect of road topography on modeled hydrologic response was not only seen as an increase in the peak flow rate or in the timing of the peak.
The differences in impact were unique to each of the watersheds primarily because of the specific physical characteristics and configuration of the road networks (Table 1) . Thus, understanding the hydrological role of road networks, especially in a Swedish or Nordic setting, warrants further investigation according to the physical characteristics of the region of concern. Still, it is important to highlight that even though the percentage of the areas in each watershed that were covered by the roads (as impervious area) is small (<5% for total roads) there was an observable impact of road topography (and network structure) on hydrological response.
CONCLUDING REMARKS
The role of road topography on hydrological response of boreal watersheds was simulated in this study using a Our results (and the modeling and statistical methods explored) highlight this complexity and outline a potentially useful approach for evaluation of possible effect of climate changes (i.e., increased intensification of future storms) in the planning and design of sustainable road structures.
